Abstract Anion-exchange polymer thin films (*150 nm) were coated onto silicon substrates and utilized for rapid concentration and radioanalytical analyses of actinide complexes (PuCl 6 2-, Pu(NO 3 ) 6 2-). Batch uptake studies were performed using inductively coupled plasma mass spectrometry, liquid scintillation counting, and alpha spectroscopy. The thin film yielded rapid Pu uptake kinetics and an equilibrium constant (
Introduction
Radionuclide contamination is ubiquitous in the environment, albeit typically at trace levels, primarily arising from atmospheric nuclear weapons testing and disposal of defense related nuclear materials. The resulting global fallout from atmospheric testing has dispersed radionuclides on a global scale. Nuclear accidents from commercial energy production sites such as at Fukushima Daiichi, Chernobyl, and Three Mile Island have resulted in enhanced localized contamination. From these accidents and disposition of plutonium bearing wastes from legacy weapons production, plutonium can be found at low but detectable quantities in most ecosystems [1] [2] [3] . Characterization of plutonium and other transuranic contamination are important from a health perspective due to their radiotoxicity and persistence in the environment owing to the long half-lives of many of the transuranic isotopes. Detection and analysis of plutonium samples is critical in health assessments and environmental fate and transport modeling, and provides critical information in nuclear proliferation measurements, nuclear safeguard precautions and national security interests [4] . Isotopic analyses of actinides are essential in verification of declared nuclear stock piles and are used extensively in monitoring enrichment facilities, reprocessing plants, and bioassays of workers who deal with nuclear material.
It has been shown that the isotopic ratio of plutonium provides a ''fingerprint'' of the contamination and can identify the source of the contamination by delineating among commercial energy production accidents, global fallout, nuclear weapons testing, and weapons grade production and reprocessing of nuclear material [2, 3, 5] . The isotopic ratio is sensitive to the neutron flux to which the precursor uranium fuel is subject to during irradiation. Within a nuclear reactor, the intense neutron flux induces fission in uranium fuel. 238 U present in the fuel is responsible for the vast majority of Pu produced from a nuclear reactor as commonly it undergoes neutron capture resulting in the production of a transuranic element. Subsequent further neutron absorption events can result in the production of varying isotopes. As reported by Kersting et al. [6] the global inventory of plutonium was 1900 t in 2010 and expected to rise by 70-90 t per year. The isotopic composition of plutonium is related directly to the intensity of the neutron flux the nuclear material is subject to as well as the duration of time it is irradiated.
Plutonium contamination within the environment is often at trace levels, hampering the analysis of these samples and inherently increasing the uncertainty of the measurement [2, 7] . The trace level contamination of plutonium requires sensitive analytical methods and often lengthy sample preparation to obtain accurate measurements. Alpha spectrometry commonly is used to quantify alpha emitting radionuclides [8] . The 239 Pu/ 240 Pu ratio frequently is used to determine the source location; however, the primary alpha energies of these isotopes (5.156 and 5.169 MeV respectively) are too similar and cannot readily be resolved using alpha spectroscopy, making source determination problematic. Furthermore, bioassay monitoring for occupational workers who may acquire a committed effective dose equivalent of 1 mSv or higher annually is required by law under the U.S. Department of Energy [8] . In many cases low-level exposures from the workplace or in environmental samples are undetectable using routine radiochemical methods such as liquid scintillation counting and alpha spectroscopy. Thus sensitive analytical techniques such as thermal ionization mass spectrometry (TIMS) are necessary to determine trace level concentrations and isotope ratios of plutonium.
Mass spectrometry is the only analytical technique that can accurately determine the full isotopic composition of a plutonium-bearing sample. TIMS provides one of the lowest detection limits, on the order of picogram to femtogram (10 -12 -10 -15 g) quantities, and is used extensively in analysis of actinides [1, 4, 5, [8] [9] [10] [11] . Although TIMS maintains one of the lowest detection limit for plutonium analysis, it requires lengthy sample preparation times and has low ionization efficiency. A variety of loading techniques have been developed to increase ionization of the analyte, though efficiencies are frequently still 1 % or less. The ''bead loading'' method is employed commonly for plutonium analysis as it has shown to give the greatest ionization and lowest detection limit [10] . In this method the purified analyte is loaded manually onto an ion-exchange resin bead and subsequently deposited onto a filament of rhenium metal. Anion-exchange beads are utilized for plutonium due to its propensity to form anionic nitrate and chloro complexes [5] . The filament is loaded into the spectrometer and a current is increased across the filament to increase the temperature and volatilize or ionize the analyte.
Data from Watrous and Delmore [12] suggest the formation of analyte-carbide and rhenium-carbide complexes as intermediate species during TIMS operation. The filaments are subject to heat treatment and carburization to remove impurities on the surface and to aid in the formation of rhenium carbide on the surface [12] . At high temperatures, carbon present on the filament from carburization or from the resin bead itself diffuses into the rhenium filament bringing the analyte into contact with the hot filament surface where it may ionize. Rhenium carbide has a higher work function than the bare metal, resulting in enhanced ionization [13] . Carbon from the resin bead also aids in scavenging oxygen and suppresses the formation of analyte-oxide species [12] . Despite the apparent advantage of having a carbon source from the resin bead, bead-loading performance often is hindered during operation as the beads are prone to being dislodged from the filament or undergoing catastrophic failure likely due to water trapped within the bead. In one study as much as 20 % of the beads were dislodged from the filament during carburization, while an additional 5 % were detached during operation resulting in a large loss of time and precious sample [9] . A thin film of anion exchange polymer that is coated directly on a Re filament may aid significantly in reducing sample loss as well as provide a more facile and simplistic method for sample loading.
Considering the current limitations of TIMS analysis, the objective of this research was to produce a thin film of anionexchange polymer that could be used as a robust, reliable, and sensitive TIMS source. The polyelectrolyte thin film also is a suitable alpha spectroscopy substrate that yields highresolution spectra. The film utilizes similar chemistry to the Dowex 1 anion-exchange resin commonly employed in TIMS bead-loading. It comprises a poly(vinylbenzyl chloride) (PVBC) backbone functionalized with triethylamine (TEA) to produce quaternary amine sites. The quaternary amine functionality provides cationic sites to bind anionic complexes and has long been used in uranium and plutonium anion exchange, typically as the Dowex 1 resin [14] Crosslinking was done using 1,4-diazabicyclo [2] octane (DABCO), which provides structural support to the film without compromising anionic binding sites due to the production of additional quaternary amine sites from reaction of the DABCO nitrogen atoms with chloromethyl groups of PVBC. This has an advantage over commercially produced Dowex 1 anion-exchange resin, which utilizes divinylbenzene as crosslinker.
Experimental Materials
The following materials were obtained from SigmaAldrich and used as-received: chloroform (Reagent Plus 242 Pu by mass was used. All solutions were prepared using ultrapure deionized water from an Elga Purelab Flex system.
Substrate preparation for coating
Silicon substrates were cleaned by sonication (Aquasonic 75HT, VWR Scientific) with DI water for 15 min. Next, each substrate was placed in a test-tube with 10 mL of piranha solution and was heated in a water bath to 85°C for 1 h. The piranha wash solution was prepared by slowly adding one part 30 wt% hydrogen peroxide to three parts concentrated sulfuric acid. (Caution: To prepare this solution, hydrogen peroxide was poured slowly into the concentrated sulfuric acid under a hood. Piranha solution is a very strong oxidant that may react violently if it comes in contact with organics). The used piranha solution was collected for safe disposal, and each test tube with substrate was washed with DI water three times before 15 min of sonication in DI water. The substrates were washed a final time with DI water and dried with compressed air.
Dip-coating
After cleaning, substrates were dip-coated from solutions of PVBC in chloroform using a Qualtecs Product Industry QPI-128 dip coater. Immediately before dip-coating, DABCO was spiked into the solution to serve as a crosslinker. The molar amount of DABCO added was limited by stoichiometry based on a 1:2 reaction of DABCO to chloride sites along the PVBC chains. A ratio of 18.4 mg DABCO:1 g PVBC was used to prepare films with 5 % cross-linking. After casting, films were heated in an oven at 80°C for at least 48 h to complete cross-linking.
TEA-functionalized polymer thin-films
Substrates coated by the cross-linked polymer films were submerged in a 5 wt% solution of TEA in chloroform for 24 h at room temperature. After functionalization, the substrates were removed from solution and dried lightly with compressed air.
Batch uptake study
Four working solutions of 238 Pu were prepared at concentrations of 1, 10, 100, and 1000 dpm mL -1 (decays per minute per mL, equivalent to 1.1 9 10 solution. The reconstituted stock was mixed with enough NaNO 2 to produce a 1 mM NaNO 2 solution to ensure a Pu(IV) oxidation state. Oxidation state analysis of the stock solution using solvent extraction and lanthanum fluoride co-precipitation [15, 16] determined that [99 % was Pu(IV). Serial dilutions of the 1000 dpm mL -1 stock solution were performed to generate the lower concentration Pu working solutions.
The batch uptake experiments were performed in sets of four, allowing for separate films to be used for each working stock solution. The films were submerged in 10 mL of 238 Pu bearing 9 M HCl at each 238 Pu concentration and allowed to equilibrate for 24 h to ensure equilibrium had been reached. Preliminary kinetic experiments in 8 M HNO 3 and 9 M HCl indicated that sorption appears to approach an equilibrium value within 10 min (Supplementary Material, Fig. S.1 ). After that time the films were removed and blotted with a paper towel and allowed to air dry. The remaining aqueous phase 238 Pu was determined using liquid scintillation counting (LSC) on a Perkin Elmer liquid scintillation analyzer Tri-Carb model 2910 TR. The 238 Pu on the thin-film coated substrates was quantified with alpha spectroscopy (described below).
Determination of binding capacities
To determine the binding site capacity of the thin-film coated Si wafers, radioactive 36 Cl was spiked into a 1.0 M NaCl solution to produce a 10,000 dpm mL 36 Cl will bind to the polymer with the same molar ratio as is present in the solution. The film was then removed from the solution, rinsed with *1 mL of a 0.1 M NaCl solution, blotted dry, and placed in 10 mL of a 1 M NaNO 3 solution for 24 h. The nitrate effectively displaces the bound chlorine back into solution and saturates the binding sites with nitrate. Then the aqueous 36 Cl concentration was determined using LSC. To ensure that all of the bound chlorine was displaced back into solution, the film was placed in a third solution of 1 M Na 2 SO 4 . Sulfate is a stronger nucleophile than Cl -and should displace any remaining 36 Cl. The aqueous phase concentrations of both solutions were determined and the binding capacity was back-calculated based on the molar ratio of radioactive chlorine to the total chlorine present in the system and corrected to the amount of Cl -present from the polymer.
Alpha spectroscopy
Alpha spectroscopy was performed on an EG&G ORTEC Octête PC alpha spectrometer bank with 450 mm 2 passivated ion implanted silicon (PIPS) detectors. A calibration standard for energy efficiency determination was prepared by spotting five 10 lL drops of a 2966 dpm mL -1 238 Pu solution across a 5 % cross-linked, TEA functionalized film that was carefully ''smeared'' using a pipette tip to cover the area of the film. Films from batch uptake studies were allowed to air dry prior to analysis. Each detector was energy calibrated using a NIST traceable 238 Pu, 241 Am, 235 U, and 238 U source electroplated onto a 25 mm diameter steel planchet.
Results and discussion
Functionalized films were prepared by dip-coating PVBC (*150 nm measured by multi-angle ellipsometry) on a silicon substrate. The polymeric film was functionalized with TEA to produce quaternary amine anion-exchange sites for binding PuCl 6 2-. The binding site capacity was found to be 1.25 9 10 -4 ± 1.07 9 10 -5 eq g À1 polymer, which is an order of magnitude lower than the Dowex 1 anion-exchange resin capacity of 3.1 9 10 -3 eq g -1 of resin. The full mass of the polymer film was used in the calculations, as the percentage conversion to functionalized anion-exchange polymer is unknown. The binding capacity of the Dowex 1 resin was verified using the same experimental approach as was described for the functionalized films.
In addition to the TEA functionalization, cross-linking of the films also produces possible binding sites and so the uptake of Pu(IV) was examined for three sets of films. The first set consisted only of the PVBC backbone. The second set consisted of PVBC with 5 % cross-linking by DABCO. The third set was PVBC with 5 % cross-linking by DABCO and functionalized with TEA. Figure 1 shows a linear distribution between the sorbed and aqueous 238 Pu(IV) over the experimental mass loading range of 1.1 9 10 -10 -1.1 9 10 -13 M (1000-1 dpm mL -1 ) for 238 Pu. The R 2 values for the 5 % cross-linked ? TEA functionalized films demonstrate the strong linearity in equilibrium distribution over the specified concentration range.
The data were fit to a linear distribution coefficient (K d 
The K d of the 5 % cross-linked, TEA functionalized films showed relatively good reproducibility average K d of 9057 ± 66 L kg -1 (Fig. 2) . The uptake of Pu was generally *2 %, which is similar to what was found by Gonzáles and Peterson from a total volume of 100 mL [17] . Furthermore, the calculated K d is slightly lower but comparable to the approximate value of 10,000 L kg -1 for Dowex 1 anion-exchange resin commonly employed in TIMS measurements. Differences in the K d value calculated from the three replicates in Fig. 1 may be due to slight sample-to-sample variation in the degree of conversion during TEA functionalization. It currently is unknown exactly what conversion was achieved for each of the three replicate samples; therefore, the total mass of the film (polymer ? functionalized polymer) was used in the K d calculation. A K d was not calculated for the 0 or 5 % cross-linked unfunctionalized films due to the insignificant uptake onto those films. Figure 1 shows triplicate measurements for 5 % crosslinked, TEA functionalized films. 250 However it does not include the highest aqueous Pu concentration point that is seen in Fig. 2, 251 which was obtained from a separate uptake study. The Kd values reported in Fig. 1 are slightly 252 lower due to the influence of the lowest aqueous Pu concentration points. These points are closer 253 to background and have considerable uncertainty and therefore strongly affect the Kd calculation.
Uptake of Pu(IV) on the unfunctionalized films with 5 % cross-linking were examined for comparison and are given in Fig. 2 . The 0 % cross-linked films exhibited virtually no uptake and so are not given in the plot. The data are plotted as the average of triplicate measurements and the uncertainty is given as 2r. The data indicate a 10 3 fold increase in uptake for the 5 % cross-linked, TEA functionalized films. The data from the highest Pu uptake (corresponding to equilibrium aqueous phase concentrations of 4.3 9 10 -8 and 6.3 9 10 -8 M Pu) are from an uptake experiment with CRM 130, which contains mostly 242 Pu by mass. Re-calculation of K d values including the higher mass loading shows a dramatic increase in K d to 19,906 ± 18 L/kg. However, since the objective of this work was to examine lower concentrations of Pu relevant to TIMS analysis, the K d value determined using the 238 Pu data is reported here. A linear regression was performed only on the averaged data points for each aqueous Pu concentration from Fig. 1 (i. e. excluding the data point generated using 242 Pu with a relatively high molar concentration). The fit to those data is shown in Fig. 1 K d was calculated to be 9057 ± 66 L/kg. This analysis demonstrates the strong influence of the higher Pu concentration data. Even with the lower K d value, the linear fit only underestimates the highest Pu concentration data point by a factor of two.
The solid-state 238 Pu mass was quantified with alpha spectroscopy for comparison to the LSC measurements. The LSC data compared very well with the alpha spectroscopy data for the 1000, 100, and 10 dpm mL -1 solutions. A mass balance was calculated for the Pu systems using the LSC data to calculate the aqueous phase Pu and alpha spectrometry data to calculate the bound Pu. The sum of the LSC and alpha spectrometry data was divided by the known mass of Pu in each system to provide a percent balance. The calculated percent mass balances for the 10-1000 dpm mL -1 solutions gave values of 88-100 %. Lower working concentration 1 dpm mL -1 did not have enough radioactivity to obtain sufficient LSC counts or a good enough spectrum to accurately compare the two methods. Figure 3 shows a typical alpha spectrum from the 242 Pu batch uptake experiments with the 5 % cross-linked, TEA functionalized film. This is an excellent quality alpha spectrum with resolutions on the order of 25-30 keV, comparable to values obtained from electrodeposited samples for our detectors. Alpha spectra for the 5 and 0 % cross-linked films without TEA modification (not shown) exhibited significantly reduced count rates by three orders of magnitude with considerably poorer spectral quality. Thus the functionalized thin films used in this work may serve as excellent alpha spectroscopy substrates as well as TIMS substrates.
Conclusions
A thin film of PVBC functionalized with TEA on Si wafers was developed for plutonium ion exchange from 9 M HCl. Preliminary kinetics experiments also indicated extraction from 8 M HNO 3 was possible. However, the intent is to utilize these thin-film coatings on Re filaments for TIMS analysis and Re readily dissolves in HNO 3 . The TEA functionalized thin films demonstrated significantly higher capacity for Pu(IV) compared to the unfunctionalized and/ or uncrosslinked polymer thin-film. Results indicated that along with a potential for utilization as a TIMS substrate, the polymer thin film yields high resolution alpha spectra with sharp peaks, comparable to samples produced via electrodeposition. Thus, the rapid uptake kinetics, high binding capacity, and high-resolution alpha spectra make this thin-film platform an outstanding substrate for rapid radioanalytical analyses. 
